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Exoplanets We Have Known 

http://exoplanet.eu/ 

•  Radial	  Velocity	  
•  A-‐M	  type	  stars	  

•  Transit	  
•  FGK	  type	  stars	  

•  Microlensing	  
•  KM	  type	  stars	  

•  Direct	  Imaging	  
•  A-‐M	  type	  stars	  

•  Kepler	  planets	  
•  G	  type	  stars	  



Exoplanets We Have Known 

asnow = 2.7 (M/MSun) AU 
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Observer	  

Source	  

Lens	  

• Lens	  star	  
• Source	  star	  
• Einstein	  ring	  
• Images	  of	  the	  source	  star	  

Gravitational Microlensing	

Event	  @mescale：tE	  
	  
　Solar	  mass	  	  	  ~	  30	  days	  
　Jupiter	  mass	  ~	  a	  few	  days	  
　Earth	  mass	  	  	  ~	  a	  few	  hours	   tE	  



Cassan	  et	  al.	  2012	

This	  work	  :	  derive	  planet	  frequency	  beyond	  the	  
snow	  line	  from	  MOA-‐II	  observaDons	  in	  

2007-‐2012	  including	  21	  planets.	  
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• Sumi	  et	  al.	  2010	  	  
• 10	  planets,	  f	  ∝q-‐0.68±0.2	  

• Gould	  et	  al.	  2010	  
• 6	  planets	  in	  13	  high-‐mag	  events	  
• 0.36±0.15	  @	  q	  〜	  5×10-‐4	  

• Cassan	  et	  al.	  2012	  
• 2002	  –	  2007	  OGLE,	  PLANET	  data	  
• 2	  addiDonal	  planets	  together	  with	  the	  above.	  

Cold Planet Mass Function from Microlensing	



MOA (since 1995) 
（Microlensing Observations in Astrophysics） 

（ New Zealand/Mt. John Observatory, Latitude： 44°S, Alt:    1029m ）	

Mirror:	  1.8m	  
CCD	  	  :	  80M	  pix.	  	  	  	  	  	  	  
FOV	  	  :	  2.2	  deg.2	  

Filter	  :	  MOA-‐Red	  
	  	  	  	  	  	  	  	  	  (R	  +	  I)	  

	  



http://www.massey.ac.nz/moa	

G.C. 

Galactic Bulge Fields (~42 deg2) 	

 cadence   event fraction 

 1/night.(>MJup)(2%) 

 1/95min.(MJup)(19%) 

 1/47min.(MNep)(25%) 

 1/15min. (M⊕) (54%) 
 

•  #	  of	  μlens	  alerts	  
•  2007:	  488	  
•  2008:	  477	  
•  2009:	  563	  
•  2010:	  607	  
•  2011:	  485	  
•  2012:	  680	  
•  2013:	  668	  

3300	  events	  in	  6	  yrs	  



Event Selection	

1.  Non-‐microlensing	  events	  (CVs,	  moving	  objects,	  …)	  
2.  Non-‐planetary	  anomalies	  (stellar	  binary:	  q	  >	  0.03)	  
3.  Events	  with	  insufficient	  data	  points	  

We	  reject	  …	  

Remaining	  events	  are	  
1471	  single	  lens	  and	  21	  planetary	  candidate	  events	  

To	  derive	  planet	  frequency,	  we	  should	  consider	  detec@on	  efficiencies	  
for	  planetary	  anomalies	  

NO	  

OK	  

Single	  lens	  

OK	  

Planetary	  candidate	  

HJD	  -‐	  2450000	  

HJD	  -‐	  2450000	  



Detection Efficiency, ε(logs, logq)	
s	  :	  separa@on	  
q	  :	  mass	  ra@o	  
θ	  :	  angle	  from	  the	  axis	  
ρ*:	  source	  star	  size	  
Data	  quality…	  
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Detec@on:	  	  

ε(logs,	  logq):	  	  
Frac@on	  of	  detec@ons	  
within	  0	  <	  θ	  <	  2π	  

simula@on	  

HJD	  -‐	  2450000	  

Rhie	  et	  al.	  2000	  

θ	  〜	  103°	  

θ	  〜	  24°	  



S(logs,logq) => S(loga, logmP)	

Bayesian	  EsDmate	  
•  Use	  tE	  in	  each	  event	  
•  With	  mass	  funcDon	  (Sumi	  et	  al.	  2011,	  Table3	  model	  #1)	  

•  With	  GalacDc	  model	  (Han	  &	  Gould	  2003)	  

MLens	  =	  0.32+0.41-‐0.23	  MSun	  	  

Sum	  of	  the	  detec@on	  efficiency	  
in	  each	  event	  



Likelihood Analysis 	
Planet	  mass	  func@on:	  	  

Expected number of the detection with any given F 

Likelihood:	  	  

Poisson distribution, k : # of planet detections 



N:	  Planet	  abundance	  

•  15+4-‐3	  %	  
	  	  	  	  	  	  	  	  	  (Giants:	  0.3	  MJup	  -‐	  10	  MJup)	  
•  52+18-‐15	  %	  
	  	  	  	  	  	  	  	  	  (Neptunes:	  10	  MEarth	  -‐	  30	  MEarth)	  
•  1.6+0.52-‐0.42	  planets	  per	  star	  

(5	  MEarth	  -‐	  10	  MJup)	  

Within	  0.5	  –	  10	  AU	  

Consistent	  with	  
previous	  
microlensing	  results	  

Planet Mass Function (Microlensing VS RV) 	

preliminary	  



	  
•  Consistent	  with	  RV	  for	  long	  
period	  	  giants	  around	  M	  
dwarfs:	   ,	  
Montet+	  2013	  

•  More	  cold	  giants	  than	  close-‐
in	  Jupiters	  around	  M	  dwarfs:	  	  

From	  MOA	  survey	  in	  2007-‐2012,	  

Future:	  to	  reduce	  the	  uncertain@es	  in	  planet	  and	  host	  star	  masses	  
•  Sta@s@cs	  of	  the	  events	  with	  mass	  measurements	  

•  MOA,	  OGLE,	  WISE,	  KMTNet	  (2nd	  gen.	  survey	  from	  ground)	  
•  WFIRST	  

Discussion 	

preliminary	  



	  
•  F	  =	  F0(mP/m0)α,	  F0	  	  =	  10-‐0.67±0.10,	  
α	  =	  -‐0.78	  ±	  0.12	  

•  Consistent	  with	  previous	  
μlensing	  results	  	  

•  Consistent	  with	  RV	  for	  long	  
period	  	  giants	  around	  M	  dwarfs:	  

,	  Montet+	  2013	  

From	  MOA	  survey	  in	  2007-‐2012,	  

•  More	  cold	  giants	  than	  close-‐in	  Jupiters	  around	  M	  dwarfs:	  	  

•  Could	  be	  difficult	  to	  explain	  by	  core	  accre@on	  theory	  
•  Future:	  Sta@s@cs	  of	  the	  events	  with	  mass	  measurements	  

Summary	

preliminary	  


